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This report summarizes our efforts on modeling the evolving temperature and con- 
centration fields in the microgravity nucleation apparatus which is being fabricated and as- 
sembled at the NASA Goddard Space Flight Center. The report covers the period from 1 
June through 30 November, 1987 and addresses the following major issues pertaining to the 
operation of the current design of the nucleation cloud chamber: 
1. Time required to  establish a steady temperature distribution; 
2. Supersaturation ratios achievable during the 20-second microgravity periods avail- 
able on KC-135; and 
3. Power requirements for maintaining steady operating temperatures. 
We have adapted the preliminary model for diffusion between concentric hemispheres 
t o  the cylindrical geometry of the apparatus under construction, and extended it to include 
the effects of radiation and conduction through the containment walls. Computer programs 
have been developed to calculate first the temperature distribution and then the evolving 
concentration field using a finite difference formulation of the trainsient diffusion and radia- 
tion processes. 
The computational results summarized below assume the following: 
0 Cylindrical cloud chamber filled with Argon gas at 760 torr; 
0 Source of Magnesium vapors from the center of the top plate of the chamber at 
equilibrium vapor pressure corresponding to 1000K; 
0 Chamber bottom maintained as a constant temperature heat sink at 293K; 
0 Chamber side walls thermally insulated from the surroundings; and 
0 Criterion for steady temperature field: temperature changes at any grid point at 
a rate less than 0.05K/second. 
For the above conditions, we estimate that: 
1. It takes approximately 35 minutes to establish a steady temperature field; 
2. Magnesium vapors released into the Argon environment at the "steady" tempera- 
ture distribution will reach a maximum supersaturation ratio of approximately 
IO4 in the 20-second period at a distance of 1 5  cm from the source of vapors; 
3. Approximately 750W electrical power will be required to maintain "steady" 





The National Aeronautics and Space Administration (NASA) is currently studying the 
formation and interaction of fine-grained refractory particulates, and is planning a series of 
experiments t o  be carried out in a microgravity environment. 
used to  determine under what conditions the vapors of refractory metals nucleate. 
Chemical Engineering Department of the University of Virginia has undertaken to  develop a 
mathematical model for this experiment, to assist in the apparatus design and construction 
phases, and to  analyze the data once the experiments have begun. 
mary of the work at the University of Virginia on the modeling phase of the project. 
These experiments will be 
The 
This report is a sum- 
Most of the research to  date has been devoted to establishing the expected tempera- 
ture and concentration fields in the cloud chamber of the experimental apparatus, a 





Figure 1: A Schematic of the Microgravity Nucleation Apparatus 
0 
The temperature distribution depends on the transport of energy by several different 
mechanisms, but in the particular design of Figure 1 it is expected to  be influenced 
primarily by conduction and radiation. 
of these two mechanisms as well as look at their individual effects. 
This report will address both the combined effects 








cloud chamber where nucleation and condensation condensation commence depends on the 
vapor supersaturation ratio. 
for one of the most likely temperature distributions. 
A plot of the logarithm of this supersaturation ratio is given 
After initial laboratory tests, the experiment is expected to  run aboard NASA’s 
KC-135 aircraft wherein microgravity conditions can be produced for periods of ap- 
proximately 20-30 seconds at a time. Since the power supplies in this aircraft are limited, 
the designer of the experiment needs to have an estimate of the amount of power required 
to  run the experiment. A rough estimate of the power needed to  maintain the experiment 
will also be given. 
running the thermal model at the expected nucleation conditions. 
These estimates of power requirements are based on the results from 
2 The Temperature Distribution 
The prediction of the temperature distribution in the experimental chamber is very 
important for a variety of reasons. 
ratio is highly dependent on the temperature and that changes in the temperature can 
greatly affect the supersaturation profile. 
known to determine whether seals or other temperature sensitive components may be ad- 
versely affected by the high temperatures during the experiment. 
the temperature distribution and the mechanisms by which thermal energy is transferred are 
helpful in predicting the amount of energy required to  maintain the experimental desired 
operating conditions. 
The most obvious of these is that the supersaturation 
Also, the temperature distribution must be 
Finally, a knowledge of 
In modeling the nucleation apparatus, several basic assumptions have been made about 
the chamber and its operation. 
sidered to  be isothermal and the temperatures of these two regions are usually taken to  be 
l O O O K  and 293K respectively. The cloud chamber walls are considered to  be adiabatic. 
Since the upper chamber will probably be insulated, this region is also considered to be 
adiabatic. 
sure of 760 torr and the diffusing metal is magnesium. 
the diffusing species can easily be changed in the model. 
First, the crucible heater and the bottom plate are con- 
. 
The cloud chamber is assumed to  be filled with pure, gaseous argon at a pres- 
Both the operating pressure and 
This report deals with the transport of thermal energy through three paths: 







0 Conduction from the crucible heater through the aluminum walls to  the bottom 
of the chamber; and 
0 Radiation within the cloud chamber. 
Methods of removing heat t o  maintain constant bottom temperatures and the effect of con- 
trolling the side wall temperature have not been studied as yet. 
ture research. 
These are topics for fu- 
3 Conduction through Aluminum Wall 
The crucible in the experimental apparatus will have to  be maintained at very high 
temperatures. 
that  supports the crucible and down the side walls of the chamber. 
would lead to  high temperatures along the plate and the wall, and could alter the tempera- 
ture distribution within the chamber significantly. Since aluminum has a much higher ther- 
mal conductivity than argon, the walls of the chamber may tend to  transfer thermal energy 
from the heater t o  the lower regions of the chamber. This conduction would not only in- 
crease the power losses but also tend t o  heat up regions in the lower part of the chamber. 
Cooler temperatures in the lower part are essential because they are necessary for high su- 
persaturation ratios. 
of the cloud chamber and the chamber walls. 
become deformed and fail to  seal the contents of the chamber. 
calculated steady state temperatures through the wall based on conduction alone. 
A significant amount of heat may be conducted through the aluminum plate 
Such a flow of heat 
Also, in the experimental chamber there is an O-ring between the top 
If the walls become too hot, the O-ring may 
Figures 2 and 3 show the 
Any heat conducted through the plate must flow through the O-ring, a seal between 
the plate and the walls of the chamber. 
much lower than that of aluminum, there should be a large temperature drop across the 0- 
ring at steady state. Figures 2 and 3 each show two curves--one which is based on the as- 
sumption of all-aluminum construction and one which accounts for the temperature drop 
across the O-ring. The O-ring was taken to  be 3/16 of an  inch (0.4763 cm) in diameter. 
Figures 2 and 3 show that there is indeed a large, approximately 660K, temperature drop 
across the O-ring. 
and would keep the temperatures lower along the wall. 
the plate and/or the walls seems to be a reasonable and rather easy way of reducing the 
power requirements. 
amount of power if there was no break. 
at the end of the plate near the O-ring would be extremely high, though, and would p r o b  
Since the thermal conductivity of the O-ring is 
Such a thermal break would greatly reduce the heat flux along the wall 
Putting some type of break along 
Aluminum is very conductive and the apparatus would require a large 
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Figure 2: Top Plate Temperatures--Conduction through Aluminum Plate 
Only 
ably be much higher than the thermal limits of the O-ring material. Even if the thermal 
break was not present, the temperatures in the top corner between the plate and the wall 
would still be very high. 
proximately 580K. 
ent of any other heat transfer mechanism. 
determining the actual wall temperatures. 
(which is very hot) and heat up the cooler regions in the bottom of the chamber. 
effects are discussed in the next section. 
With all-aluminum walls, the predicted corner temperature is ap- 
All of these calculations are based on wall conduction alone independ- 
Radiation will certainly play a large role in 
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Figure 3: Wall Temperature Distribution 
a 
4 The Effect of Radiation within- the Cloud Chamber 
Heat transfer by radiation becomes very significant at high temperatures. Just as was 
pointed out for the wall conduction, radiation too can have a large effect on the tempera- 
ture distribution as well as on how much power is needed for heating and cooling. Ther- 




where q = net radiant heat flow 
E = emissivity 
u = 
F,-, = View Factor 
A = Area of the radiating source 
Stefan-Boltzman constant = 5.6723-8 W/m2-s 
T,, T, = ‘Absolute temperatures of the source and the 
target, respectively 
This equation permits the calculation of the net heat flow between two isothermal surfaces. 
It cannot be applied to  the the radiant exchange in our situation since the walls of the 
cloud chamber will not be isothermal during the experiment. 
port is approximated by breaking the region within the chamber into a number of zones of 
constant temperature, and requires the solution of the following equation: 
Therefore, the radiant trans- 
1 i fk=j  
0 otherwise 
dkj’ 
which relates the surface heating, Q, and the surface temperature, T, within an enclosure. 
In other words, the surface zones within the enclosure are either considered isothermal or 
adiabatic. 
T is the resulting steady state temperature of the adiabatic regions of the chamber wall. 
Figure 4 shows a diagram of the cloud chamber and the different zones. 
Therefore Q is the amount of energy needed to  keep a surface isothermal while 
Using Equation 2 with the six different zones gives a set of 4 simultaneous equations 
After determining the view fac- for the unknown temperatures which can easily be solved. 
tors for the configuration of the cloud chamber and its zones, the various zone tempera- 
tures and heat duties were estimated using different emissivities. 
presented in Table 1. 
These results are 
As shown in the table, radiation can have a great effect on the power requirements 
Also, it is apparent that  this effect can be reduced by lower emissivity of the hot source. 
For an c1 = 1.0, the heat duty is approximately 630 watts while it is only slightly more 
than 60 watts for an c1 = 0.1. The temperature of the walls do not seem to  be affected 
greatly by assuming different emissivities for these surfaces. Covering the top plate with a 
fine coating of low emissivity material, such as platinum for example, should greatly reduce 
the power losses due to radiation. Fortunately, the top plate is probably the only region 




Figure 4: Zones used in Radiation Calculations 
covered with condensed particulates during the experiment. 
suggest that  reducing the emissivities of the walls and the bottom are unnecessary anyway. 
The results of this analysis 
* 
0 
e 5 The Conduction through the Ambient Gas (Argon) 
When the crucible heater is turned on and the temperature raised to lOOOK or higher, 
the ambient argon gas will conduct heat throughout the cloud chamber. 
temperature is extremely important since this temperature greatly affects the supersatura- 
tion ratio. 
conduction mechanism through argon. 
represents the temperature distribution a t  steady state. 
centrated near the heater and most of the chamber is still relaively cool. 
ture distribution would probably give very high supersauration ratios since most of the tem- 
perature drop is concentrated around the heater area. Therefore, as the metal vapors dif- 
fuse from the crucible they would quickly reach low temperatures which would cause high 
supersaturation ratios. 
The ambient gas 
Figure 5 is a plot of the temperature distribution resulting from just the heat 
This plot was made using numerical methods and 
In the plot, the bands are con- 
Such a tempera- 
9 
Table 1: Radi ti n Results for Different Emissivities 
All temperatures are in Kelvin 
All duties are in Watts 
Temperature of hot source T, 






















































































































































































































































A program has also been developed which simulates the heating of the lower region of 
the experimental apparatus by the crucible heater. This program approximates the conduc- 
tion of heat through the argon gas and the containing aluminum wall using finite difference 
approximations t o  the solution of the equation of energy. 
accounted for by considering the zonal radiative flux over discrete time intervals. 
the program runs, i t  calculates the temperature of different points in a gridwork over a cer- 
tain time, 
calculate new temperatures. 
changing faster than a rate of 0.05K per second. 
tion from running the program with the following constraints: 
The effect of radiation is also 
When 
During the next interval, i t  uses the data  from the previous time interval to  
This process continues until no temperature in the gridwork is 
Figure 6 shows the temperature distribu- 
0 Zones 1 and 2 have emissivities of 0.1. Zones 3 through 6 have emissivities of 
0.3 (Refer to  Figure 4 for location of zones). 
0 The chamber walls (zones 3,4,5) are perfectly insulated from the outside environ- 
ment. 
0 The bottom (zone 6 )  is kept isothermal at 293K. 
0 The region where the heater is located (zone l ) ,  (the region between the center- 
line and 6 cm from the centerline), is kept isothermal at 1000K. 
Figure 7 is a similar plot except the 6 zones all have emissivities of 1. Of the two 
plots, Figure 6 should be closer t o  the expected temperature distribution since the emis- 
sivities have more realistic values. 
proximately to equal the value of a platinum coating, while the other zones reflect emis- 
sivities close to that of highly oxidized aluminum. The temperature distribution in Figure 
6 took approximately 35 minutes of simulation time, (which corresponds to 35 minutes of 
heating time), to reach our specification of steady state, i.e. less than 0.05K/s change in 
the temperatures at any grid point. 
culated for the distribution in Figure 7, it should be comparable. 
plots, one sees that the temperature distribution along the centerline is approximately the 
same for both situations. 
ratios for these two temperature distributions would be similar in this region as well. 
Also, since nucleation is expected to  occur first somewhere along the centerline, one would 
also expect that the point of highest supersaturation would be in the same general location 
even though the temperature distributions are definitely different. 
The emissivity of the top plate was chosen a p  
Although the time to  reach steady state was not cal- 
Comparing the two 
Therefore, one would expect that  the plots of the supersaturation 
Figure 6 (lower 
ORIG:PJAL ?AGE IS 
OF POOR QUALITY 
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emissivities) has much higher temperatures along the top plate of the chamber than those 
of Figure 7. 
heat through radiation as the model with the higher emissivities. In fact, the model with 
the higher emissivities actually has .a local minimum in the temperature which is probably 
due to a high radiative flux there. Therefore, the supersaturation plot based on the tem- 
perature distribution with the higher emissivities should also have a region of higher super- 
saturation ratios towards the corner of the chamber. 
The model with the lower emissivities does not have the same ability to lose 
Since the temperature of the bottom plate is forced to  remain at 293B, both tempera- 
ture plots are expected to look similar along the lower part of the wall. 
distributions vary greatly along the upper part of the wall, however. 
transferred through radiation is smaller than in Figure 7. Therefore, conduction plays a 
larger role and the temperatures are higher than in Figure 7. In Figure 7 there is a 
broad, relatively hot band along the upper wall since the view factor between the hot 
source and this zone is large and the emissivities are at their maximum values. 
the two plots should yield similar supersaturation plots except that the plot with lower 
emissivities should have the higher supersaturation ratios pushed closer to the centerline. 
The temperature 
In Figure 6, the heat 
Altogether, 
7 The Supersaturation Plots 
D 
Examples of the logarithm of the evolving supersaturation ratio for magnesium vapors 
corresponding to the two temperature plots are given in Figures 8 and 9. 
supersaturation plot based on the temperature distribution of Figure 5 ,  (conduction only 
through argon), is also given for comparison. The data for each of these plots were ob- 
tained from a program which simulates the transient diffusion of metal vapors within the 
nucleation chamber. 
emisssivities of the top plate are 0.1, (Figure 6), and Figure 9 is derived from the tempera- 
ture distribution where the emissivities of all the regions within the chamber are 1.0, 
(Figure 7). 
introduction of the vapors into the chamber. 
in the degree of supersaturation and the general shape of the supersaturation plots. Both 
plots have approximately the same maximum supersaturation ratio, and for both the point 
of highest supersaturation occurs about 14-15 cm down the centerline away from the heater. 
Figure 9, which is the plot based on the temperature distribution with all emisssivities 
equal to  1.0 also has a region of high supersaturation approximately 12 cm from the upper 
corner of the chamber. 
In addition, a 
Figure 8 is based on the temperature distribution where the 
Both of these plots are for a total elapsed time of 20 seconds from the first 
As expected, there are only small differences 


















































































































radiation causes this region to  be somewhat cooler and this increases the supersaturation 
ratio. 
of its logarithm at 5, 10, 15 and 20 seconds. 
plots based on these data. 
Table 2 in Appendix I shows the evolution of supersaturation by listing the values 
Appendix I1 gives additional supersaturation 
8 Power Requirements 
The power required to  maintain the desired thermal conditions in the cloud chamber 
can be estimated from the calculated temperature distributions. One way of calculating the 
amount of power needed is to assume that  the amount of energy supplied to  the apparatus 
is equal to the energy lost or removed. 
sidered to be adiabatic and the bottom plate is isothermal. 
considered to  be adiabatic, and therefore, once heated to steady state temperatures, there 
should be no heat losses from this part. 
therefore considered to occur through the bottom plate. 
In the mathematical model, the walls are con- 
The upper chamber is also 
All of the heat losses from the cloud chamber are 
An estimate of the total power needed to supply the heater can then be equated to 
the total power needed to maintain the bottom plate at 293K. Energy reaches the bottom 
plate by the three paths mentioned earlier--conduction through argon, conduction along the 
aluminum plate and wall, and radiation. 
timated values of each are: 
Using data from the temperature model, the es- 
Conduction through argon = 17 watts 
Conduction along wall = 7,654 watts 
329 watts Radiation - 
which gives a total power requirement of approximately 8000 watts for the apparatus 
at steady state. 
timated heat losses along the wall are probably much higher than they should be because 
the mathematical model which gives the temperature distribution considers the wall to be a 
contiguous piece of aluminum. In reality, there is an O-ring between the crucible plate and 
the chamber side walls which should act as a "thermal break" between the high tempera- 
tures of the upper plate and the cool region near the bottom plate. 
thermal break was shown in Figures 2 and 3 with the steady state wall temperatures. 
calculations used to derive these temperatures were based on the assumption of wall con- 
duction only and did not consider the effect of radiation or loss of heat through argon. 
Nevertheless, the figures do show that there is a large temperature drop across the O-ring. 
This value is extremely high and would be unacceptable, if true. Es- 





Neglecting radiation and argon conduction, the heat flux along the wall is only 237 watts. 
Although the heat flux along the wall may not be this low, because the wall conduction 
and radiation are coupled, the wall conduction is expected to be closer to  this value than 
that of 7000 or 8000 watts mentioned above. 
duction of approximately 400 watts, the total power requirement should be approximately 
750 watts. 
wall with some type of a "thermal break.= 
Therefore, with an  estimated upper wall con- 
These calculations again emphasize the need to reduce the heat flow along the 
9 Summary 
A mathematical model based on finite difference methods has been developed which 
can simulate the transient temperature distribution in the microgravity nucleation cloud 
chamber now under construction at Goddard Space Flight Center. The program accounts 
not only for the conduction through the inert ambient gas (argon), but also for the effect 
of radiation within the enclosure, and the conduction along the aluminum side walls of the 
chamber. Once the temperature distribution has been established, the supersaturation ratios 
can be calculated from a somewhat similar program which models the transient diffusion of 
metal vapors. These programs can be used to predict evolving conditions within the cham- 
ber under different initial and boundary conditions. 
A temperature distribution for one of the more likely sets of experimental conditions 
has been given in this report. These conditions are: 
'a 
0 Diffusion of magnesium vapors through argon atmostphere at a pressure of 760 
torr from a hot source at lOOOK with the bottom plate at 293K and with in- 






0 The emissivity of the top plate equal t o  0.1 and the emissivity of the walls and 
the bottom of the chamber equal t o  0.3. 
The temperature profile which corresponds to  these conditions is estimated to  take ap- 
proximately 35 minutes to develop. 
maximum of approximately lo4 in 20 seconds at approximately 15 cm from the source of 
vapors in the top plate. 
The supersaturation profile is expected to  reach a 
The steady state power requirements can be estimated from the temperature distribu- 
The losses by conduction through the argon atmosphere account for approximately tions. 









the bottom are more difficult to calculate. 
large, but this estimate assumed no thermal break between the heater plate and the cham- 
ber walls. 
through the chamber walls. 
The losses due to  conduction along the heater plate and along the chamber wall to 
One calculation shows these losses to be quite 
Such a break should greatly reduce the conductive heat flux from the heater 
10 Areas for Future Research 
The above results have pointed to  areas of further research. One of these areas 
would be the refinement of the program which calculates the temperature distribution 
within the cloud chamber. 
break(s) between the heater plate and the chamber walls. 
timate of heat losses through the chamber walls and, in turn, improve the power require- 
ment estimate. 
pected at different operating and boundary conditions. Although the program which cal- 
culates the transient diffusion of metal vapors does not seem to need any major improve- 
ments, it does need to be run to predict the behavior of other metals once the temperature 
distributions have been calculated. 
This program should be modified to account for the thermal 
This would yield a better es- 
This program can then be used to predict the temperature distributions ex- 
Improvements of the temperature distribution model are also needed for determining 
where to place thermocouples. 
If a thermocouple is placed in a region where the temperature gradients are steep, then a 
small error in its placement may lead to large errors in the estimate of the temperature 
distribution. 
say at the bottom or the sides, then the data may not be useful. 
must be made between these two. 
have undue influence on the nucleation of the metal vapors. 
predict where these positions are. 
modified, it should also be able to  provide a better estimate of the heating time required 
for the temperature distribution within the cloud chamber to reach steady state. 
The location of a thermocouple depends on various factors. 
If the thermocouple is placed in a region where the gradients are less steep, 
Therefore, a compromise 
Thermocouples should not be placed where they can 
The diffusion model can 
Also, after the temperature distribution program is 
Another major area of further research should be to establish the influence of cooling 
Supersaturation profile depends heavily on the tem- the cloud chamber walls and bottom. 
perature distribution. 
shape of the supersaturation profile and the degree of supersaturation. 
calculates the temperature distribution should be modified to accommodate cooling of the 
chamber walls, etc. 
Therefore, the method and intensity of cooling can affect both the 




will be co After the nucleation chamber is completed, experiment ducted in the 
laboratory at Goddard Space Flight Center. These experiments are expected to  be affected 
by convection which may interfere with the uniform nucleation of particles. By conducting 
the experiments on the KC-135 in a microgravity environment, these problems are expected 
to  be eliminated. Some calculations should be done to  estimate whether this is a valid as- 
sumption, though. 
temperature and velocity field within the chamber. 
without making some simplifying assumptions. 
answered is whether convection will occur or not. Therefore, if a total solution of the tem- 
perature and velocity field cannot be obtained, perhaps at least it can be estimated whether 
convective effects will be significant or not. 
Modeling convection would involve the simultaneous solution of the 
This would probably be very difficult 
Nevertheless, the main question to  be 
' 0  
2.2 
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Table 1-1: Diffusion of Magnesium in Argon 
Temperature of Hot Source (K) = 1000 
Temperature of Cold Source (K) = 293 
Chamber Pressure (Torr) = 760 
0.1 
Emissivity of All 
0.3 Other Surfaces - 
- Emissivity of Upper Plate 
When plotting the results, a represenative "slice" of the chamber 
is broken up into elements and numerical values are assigned t o  these 
elements. The table below gives temperature and supersaturation 
data as a function of the element number. A figure identifying 
the location of the various elements is given at the end of this 
table. 
Log Supersaturation Ratio 
Element # Temp (K) 
~~ 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































81  1.37228 
705.78869 
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Maxima--> 1.8254244 2.8391975 3.4517728 3.9272525 
29 
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11. Transient Supersaturation Plots 
The following pages give the transient supersaturation plots for the diffusion of mag- 
These supersaturation plots are based on the 
The plots are given for 5,  10, and 15 seconds 
nesium in an argon atmosphere at ,760 torr. 
temperature distribution given in Figure 6. 
and a plot of the supersaturation profile at 20 seconds is given in Figure 8. 
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